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dynamic loadings and wiil present the most used models in the litterature. It will 
be seen also that the discrete paradigm can be very convenient to take into 
account variabilities like material heterogeneities or porosities. Finally, several 
illustration cases will be examined in order to conclude on the usefulness of this 
approach. Some comparisons with continuous simulation will be analyzed and 
discussed and recent works on different kind of material will also be presented.
Lecture 5: Dynamic fragmentation in brittle solids: 
exoerimantal approaches and modelling
Pr. P. Forquin, PhD students M. Blasone, M. Dargaud, D. Georges, 3SR 
Lab., Univ. Grenoble Alpes
This lecture will be dedicated to the experimental analysis and numerical 
modelling of dynamic fragmentation in brittle solids. In particular, the first part 
will be dedicated to the basis of single and multiple fragmentation modelling 
(critical defects, crack triggering, crack propagation) and the main related 
predictions in terms of cracking density, influence of loading rate, distribution of 
fragments. The second part will focus on the use of X-ray tomography analysis 
to develop a continuous or discrete modelling of the fragmentation process. A 
particular attention will be given to the relationship between microstructure, 
fragmentation properties and macroscopic behaviour of the brittle solids.
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Crashworthiness assessment considering the 
dynamic damage and failure of a dual phase 
automotive steel
Sarath Chandran* 1*, Patricia Verleysen1
1 MST-DyMa Lab, Department of Electromechanical, Systems and Metal Engineering, Chent University, 
Technologiepark 46, Zwijnaarde, 9052, Gent, Belgium
Keywords: Crashworthiness, high strain rate deformation, damage and failure
Abstract: Analyzing crash worthiness of the automotive parts has been posing a great challenge in the sheet 
metal and automotive industry since several decades. The present contribution will focus on one of the most 
urging challenges of the crash worthiness simulations, namely, an enhanced constitutive formulation to predict 
the failure and cracking of structural parts made from high strength steel sheets under impact. A hybrid extended 
Modified Bai Wierzbicki damage plasticity model is devised to this end. The material model calibrated using 
the experimental data covering high strain rate deformation, damage and failure successfully predicted the 
instability and subsequent response of the crash box under impact. Simulation results provide the deformation 
shape and defonuation energy in order to predict and evaluate the vehicle crashworthiness. The simulations 
further helped in discovering the irrefutable impact of strain rate and stress state on the impact response of the 
auto-body structure. The strain rate is found to adequately affect the energy absorption capacity of the crash box 
structure both in terms of impact load and fold formation whereas the complex stress state has a direct association 
to the development of instability within the structure and early damage appearance within the folds.
1. Introduction
In automotive industry, crashworthiness connotes a measure of vehicle’s structural ability to plastically deform 
and yet maintain a sufficiënt survival space for its occupants in crashes involving reasonable deceleration loads. 
Crashworthiness has been a major criterion in making vehicles safe to be used and manufactured. There are 
many factors contributing in determining the level of crashworthiness, one is in identifying the right type of 
material to be used and the other is in the consideration of the process that can change the propertjes and 
characteristic of the material and design. The recent megatrend of both automobile users and industries is to 
demand better vehicle safety and crashworthiness although the light-weight design for the reduction of fuel 
consumption becomes a very challenging issue. Conffonting these contradictory requirements, steel industry has 
been reinventing steel over time and pioneering a whole new class of materials that are over 50% stronger than 
a decade ago. At the core of this innovation lies the advanced high strength steels (AHSS) family [1], which 
embraces safety in all possible ways. Vehicle body structures are generally constructed from deep-drawn parts 
of sheet metals. Since the strength of steel sheets depends on the rate of deformation, the dynamic behavior of 
sheet metals is a key to investigate the impact characteristics of the structure. Initial material failure and 
subsequent crack propagation should be accurately represented in order to evaluate its effects on structural 
integrity and crashworthiness. When the structures are exposed to dynamic loads, mechanical behavior becomes 
increasingly complex and phenomena such as failure and fracture by ductile and shear mechanisms are prevalent. 
Failure criteria incorporating various failure mechanism representation such as necking instability, ductile and 
shear fracture was developed to predict failure and establish crashworthiness of aluminum extrusions [2].
*Sarath Chandran (Sarath.Chandran@UGent.be).
tPresent address: MST-DyMa Lab, Department of Electromechanical 
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However, this strategy is insufficiënt for modern AHSS due to its complex failure modes and superior strain rate 
performance [3], Crash performance has been vastly studied under room temperature and high strain rates [4- 
]. n order to manage the energy dissipation in a vehicle structure and to design the individual components to 
either absorb and/or transmit energy, knowledge and understanding of the impact-dynamic material propertjes 
are essent.al. However, most of the crash resistance prediction strategies either take into account high strain rate 
material propert.es with lim.ted stress state mfluence or failure phenomena only at quasi static loading rates 
thereby lack.ng the complex mteract.on between these two key terminologies. Material plasticity and 
damage/fracture propert.es of sheet metals at dynamic loading rates are thus paramount in providing the 
appropnate const.tut.ve relat.on and to accurate model a vehicle crash event using f.nite element methods.
2. Material and Methods
. ------- ------ — ... aiuu^y iur us crasnwonmness ana.ysis. ine
material is supplied in the form of rolled sheet with a thickness of 1.5 mm. An extensive experimental series 
encompassing strain rates ranging from 0.0001 to 1100 s'1 as experienced in crash boxes under impact are 
conducted to determine the strain hardening and strain rate hardening effects on the material strength and 
deformation capacity. Quasi-static reference and static tests are performed on an Instron material testing machine 
whereas high strain rate experiments are executed on a Split-Hopkinson tensile bar setup. Furthermore, tests 
performed at wide temperature ranges (-40 to 300 °C) as estimated under crash scenarios are taken into account 
to establish the thermal effects on material flow strength and plastic deformation. The compilation of 
experimental data thus consists of material flow stress as a function of strain, strain rate and temperature. Of 
equal importance is the fracture behavior and damage development under high rates of deformation. The 
instability mechanism within a crash box structure under impact loading is heavily dependent on the state of 
stress within the material in addition to strain path and strain rate. To account for this undeniable influence, 
experiments are performed on specially designed specimen geometries (dogbone, central hole, notched dogbone, 
plane strain and shear) to replicate the wide range of stress States that could be experienced under impact loading 
situations. Figure 1 displays the fracture specimens which are carefully designed so as to provide locally 
proportional loading histories (particularly for central hole, plane strain and shear specimens) until fracture 
initiation at the assumed location of the damage initiation. The readers are directed to [10] to gain more insight 
into the specimen design procedure. These fracture tensile tests are then used to assess the material damage and 
fracture behavior under various strain rates and temperatures. Digital image correlation is employed with high 
speed photography to acquire the full-field deformation measurements and to improve the accuracy of the test 
data gathered from the experiments. The method also provides insight into damage mechanisms prevalent under 
various stress States and localization phenomena especially at high strain rates.
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Fig.1. Specially designed specimens for plasticity and damage characterization of DP1000 steel under high strain rates
A hybrid extended modified Bai-Wierzbicki (eMBW) damage plasticity model is implemented to properly 
describe the non-negligible impact of damage on strength and ductility and the dependence of stress state on 
damage accumulation. The material model constitutes a plasticity formulation to characterize the material 
behavior before the initiation of damage followed by a phenomenological criterion to indicate the damage 
initiation. A phenomenological formulation of ductile damage is used for user friendly and simplified input of 
material parameters. Finally, a damage induced softening part incoiporating a damage mechanics approach, is 
adopted to characterize the post damage material behavior. The detailed formulation of the eMBW material 
model can be found in [11]. The performed experimental campaign provide a reliable data set to derive the 
material parameters of the adopted damage plasticity model which is then used to investigate the crash response 
of this dual phase automotive steel both qualitatively and quantitatively.
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The constitutive model obtained from the experimental series is imposed on the analysis for the dynamic 
response of auto-body crash box utilizing the explicit finite element scheme Abaqus. The proposed eMBW 
material model is implemented into Abaqus Explicit via a user material subroutine VUMAT. A full scale model 
with 3D solid clements and enough mesh refmement is implemented to accurately predict the localization and 
damage phenomena within the crash box. Detailed description of the model development is given in the 
subsequent section.
3. Results and discussion
To determine the material intrinsic mechanical properties, a comprehensive experimental program considering 
the material plasticity and fracture behavior under variable loading conditions including static and dynamic 
loading rates are designed and carried out by the author in a separate study [11].
(a) (b)
Fig.2. a) Engineering stress-strain curves of uniaxial tensile tests on DP 1000 steel across various strain rates. b) 
Engineering stress - displacement curves of tensile tests on various damage and fracture specimens at 500 s1. Red solid 
dots in the figure denotes the instant of damage initiation for the corresponding test and black solid dots specifies the
fracture point.
Figure 2 a exemplifies one of the main observations ffom the analysis. A positive effect of strain rate on the 
material strength is primarily observed in the transition from static to dynamic loading rates. Moreover, the 
instant of damage initiation in the material (red dots in Figure 2 a) is found to decrease gradually with increase 
in the loading rate thereby establishing an undeniable influence of strain rate on the material response and its 
absorption performance. A specific trend is not observed for fracture point (black dots) from the uniaxial tensile 
test with respect to change in the strain rate however, post mortem final strain measurements from the fracture 
surface revealed a declining trend in material ductility with strain rate. Fracture tensile test results from [ 11 ] are 
supplemented with material response from central hole, plane strain and shear experiments to identify the 
influence of damage on material properties and reveal wide variety of damage mechanisms that could be present 
during a crash event. Effect of stress state on the material behavior is clearly evident from Figure 2b. It should 
be noticed that due to deviation on specimen’s cross-sections, the stress-displacement values of different fracture 
specimens are only roughly compared. Higher non-axial stresses leads to increased strength however with a 
detrimental effect on ductility of the material. Plane strain state and higher stress state induced by the notches 
result in earlier onset of damage (red dots in Figure 2b) as opposed to uniaxial stress state scenario. Damage 
initiation is thus clearly influenced by the stress state within the material and this effect is translated to the 
damage propagation phase until failure (black dots). Delayed onset of damage and rapid damage evolution to 
fracture is observed for DPI000 steel under most conditions apart from the shear stress state wherein early 
damage appearance is succeeded by a prolonged damage evolution phase. With the lowest stress triaxiality and 
Lode angle parameter , shear state exhibits the lowest strength and an extended uniform plastic deformation 
range. The postponed damage and fracture appearance in the shear stress state is caused by the limited diffuse 
and localized necking in the thickness direction. Thus, the strain rate has a positive response on the material 
absorption capacity and thereby the crash performance of DPI 000 steel whereas presence of complex multiaxial 
stress state could lead to earlier damage appearance and limit the subsequent folding in a crash impact event.
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The author also studied the thermal effect on the plasticity, damage and fracture performance of DPI000 steel 
[12], Dynamic strain aging (DSA) effect is prevalent in both uniaxial and fracture tensile tests and shows similar 
strain rate and temperature dependencies in both the scenarios. Therefore, the temperature and strain rate effects 
on the damage and fracture are estimated to succeed mainly from their influence on plastic defonnation. 
Moreover, DSA in this DP steel displays a strong interaction with both strain rate and stress state and negatively 
affects the absorption capability
Hybrid approach of the MBW model takes into account the linear-elastic deformation, irreversible plastic 
deformation, ductile damage initiation, damage evolution and ductile fracture theory for the material mechanical 
mechanism. The deformation of steel before damage initiation obeys the elastoplastic principle following the 
Hooks law and von-Mises plasticity. During the plastic defonnation , isotropic hardening taking account of the 
strain rate, temperature and stress state effects is introduced to update the plastic flow stress. The flow curve of 
the plastic characterization is the derivate of the smooth tensile test at room temperature and quasi static loading 
condition in the formulation of the combined Swift and Voce law. The corresponding temperature and strain 
rate dependency parameters are calibrated based on the smooth tensile tests across various temperatures and 
strain rates. The temperature and strain rate correction function in the plasticity formulation of eMBW model is 
graphically represented in Figure 3 a and b respectively. Ductile damage initiation is controlled by the equivalent 
plastic strain based locus, i.e. the damage initiation locus which is determined by coupling finite element 
simulations and experimental results, see Figure 3 c. The instant and location of the ductile damage initiation 
are determined by an inverse modelling approach involving a finite element (FE) model update procedure 
integrated with digital image correlation (DIC). The integration process is achieved by mapping the periphery 
and boundary conditions of both experiments and simulation on top of each other via certain transformation and 
interpolation function thus resulting in a similar reference coordinate frame. Here, the experimental strains (from 
DIC) are compared with the computed strains from the finite element simulations based on an initial set of
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iteratively minimized by Gauss-Newton and Levenberg-Marquardt algorithm. Minimum value of the cost 
function leads to optimized set of parameters congruent with the experiments and thus aid in identifying the 
damage initiation instant. For all the investigated samples, damage initiation happens after the attainment of 
maximum force. Based on the local variables, including the equivalent plastic strain, stress triaxiality and Lode 
angle parameters , accessed from the simulation at the previously determined ductile fracture instant and 
location, the parameters of the damage initiation locus of DP 1000 steel are calibrated. Obtained parameters are 
eventually validated based on the comparison of the global force-displacement responses and minimum
to failure locus
.
Fig.3. a) Temperature sensitive function b) Strain rate sensitive function c) Ductile damage initiation locus
After the eMBW material model parameter calibration, the determined data set is applied to the component level 
test. Crash test of the crash boxes are performed on the drop weight tower. Besides the measurement of the 
temporal evolution of force and displacement of the impactor, each crash test is recorded with a high speed 
camera system to monitor the evolution of the folds. Crash tests are performed with a constant drop mass of 
129.5 kg and a height of 8 m which corresponds to a nominal input crash energy of 10 KJ. These crash parameters 
leads to a defonnation length of 168 mm. All the parts crashed with these parameters show regular folding with 
smal! cracks in the fold which is illustrated in Figure 5b exemplarily for one of the crashed profile.
FE model for the crash box test is built up and modified according to the experimental profile geometry and test 
conditions. Full scale 3D FE model is set up containing C3D8R elements. Figure 4 displays the developed model 
of the crash box prototype and it’s meshed configuration. The mesh type is modified for better prediction 
performance on the fracture behavior. Global mechanical properties such as force-displacement curves and
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absorption values do not experience large deviations due to the mesh types especially in the plastic deformation 
range. However, variable mesh size will lead to distinctly different strain localization response which will result 
in the apparent deviation on the damage and fracture behavior. Normally, with the increase in the fineness of 
the mesh, the local material responses, like the local plastic deformation, are more efficiently captured. 
Therefore, the optimum mesh type should be balanced based on the combination of frnite element calculation 
time and simulation model prediction performance. The critical zone is chosen to have a minimum mesh size of 
0.3 mm x 0.3 mm x 0.5 mm after a mesh convergence analysis. The rest of the part has a coarsely homogenized 
mesh of 1 mm x 1 mm x 0.5 mm. The top rigid plate represents the impactor in the experiment setting with the 
drop mass. The original impact energy calculated from the drop height is transformed into initial impact velocity, 
which is then added as a predefined condition on the center of the top rigid plate. In addition, specimen bottom 
surface is constrained with the full constraint boundary condition.
Fig.4. Crash box model development
The recurrence of the crash box material behavior including the force-displacement response, total impact 
energy absorption and global deformed shape is accurately captured, see Figure 5. Comparing the force- 
displacement response and deformed profile in the figure 5, it can be noticed that every peak force can be 
associated with every fold pair formation, except the first peak force which is caused by the impact interaction 
at the beginning. In both experiment and simulation, there are six fold-pairs in total, as marked by the numbers 
1-6 in the Figure 5a and b. The process stops before the seventh fold formation as the total impact energy has 
already been absorbed. In terms of deviation on the energy/force-displacement curves, the current material 
parameter set results in a slightly harder material behavior in the simulation in comparison with the experiments, 
see Figure 5a. With reference to the contours of the numerical and experimental specimen deformation, both 
crack initiation and propagation on the top part and in the deformed specimen folds of the crash box specimen 
is well captured by the eMBW model supplemented with dynamic material parameters determined from this 
analysis. The solution dependent variables (output from the eMBW model) SDV1 reveals the distribution of the 
equivalent plastic strain in and around the folds whereas SDV2 represent the damage development within the 
material as shown in Figure 5b. As previously mentioned, damage is mainly observed at the contact between 
the crash box and top plate and inside the folds of the structure. It can be speculated that severe plastic 
deformation within the folds paves the way for the crack fonnation and subsequent damage development.
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Fig.5. Numerical prediction of the DP1000 crash box test. Numbers (1-6) displays the subsequent folds formed. Damage 
is indicated by red arrows in the figure. SDV1 represents the equivalent plastic strain and SDV2 gives information on 
damage.
The good prediction of the crash box deformation behavior establishes the foundation to identify the required 
mechanical property profile for crashworthiness assessment of DPI 000 steel.
4. Conclusions
The extended Modified Bai Wierzbicki material model calibrated using the experimental data covering dynamic 
deformation, damage and failure successfully predicted the instability and subsequent response of the crash box 
under impact. The recurrence of the crash box material behavior including the force-displacement response, total 
impact energy absorption and global deformed shape is accurately captured. The simulations further helped in 
discovering the inefutable impact of strain rate and stress state on the impact response of the auto-body structure. 
The strain rate is found to adequately affect the energy absorption capacity of the crash box structure both in 
terms of impact load and fold formation whereas the complex stress state has a direct association to the 
development of instability within the structure and early damage appearance within the folds and limit the 
subsequent folding in a crash impact event.
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